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Biased H2 Etch Process in Deposition-Etch- 
Deposition Gap Fill 



BACKGROUND OF THE INVENTION 

This invention relates to semiconductor device fabrication processes. More 
specifically, the invention relates to plasma-based chemical vapor deposition and etch 
processes for forming dielectric layers, particularly in high aspect ratio, narrow width 
recessed features. 

It is often necessary in semiconductor processing to fill high aspect ratio gaps 
with insulating material. This is the case for shallow trench isolation, inter-metal 
dielectric layers, passivation layers, etc. As device geometries shrink and thermal 
budgets are reduced, void-free filling of narrow width, high aspect ratio (AR) spaces 
(e.g., AR>3:1) becomes increasingly difficult due to limitations of existing deposition 
processes. 

The deposition of silicon dioxide (Si02) assisted by high-density plasma 
chemical vapor deposition (HDP CVD) - a directional (bottom-up) CVD process - 
has become the preferred method for high aspect ratio gap fill. The method deposits 
more material at the bottom of a high aspect ratio structure than on its sidewalls. It 
accomplishes this by directing charged dielectric precursor species downward, to the 
bottom of the gap. Thus, HDP CVD is not an entirely diffusion-based (isotropic) 
process. 

An etch-enhanced (deposition-etch-deposition) gap fill technique which 
involves a sequence of deposition, etch and deposition steps using an HDP reactor has 
been developed to maintain the opening at the top of the gap wide enough for a 
subsequent deposition(s) to completely fill the gap. Such processes are described, for 
example, in US patents 6,335,261 and 6,030,881, the disclosures of which are 
incorporated herein by reference for all purposes. A typical 3-step etch-enhanced 
process can be described as follows: First step - Deposition 1 : a partial deposition of 
Si02 thin film is conducted to obtain maximum bottom-up gap fill with the gap 
remaining unclosed; second step - Etch: in-situ etch back is carried out to remove 
depositions on the top and sidewall of the trench lines and keep the mouth of the gap 
open enough for the next deposition step with minimum bottom-up deposition loss; 
and, third step - Deposition 2: deposition of Si0 2 film is carried out to further fill the 
partially filled gap to completion. In some cases it may be necessary to conduct 
additional etch and deposition steps to completely fill the gap. 
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The etch component of these etch-enhanced gap fill processes typically uses a 
fluorine-based etchant, such as NF 3} CF 4 or C 2 F 6 , etc., to achieve a fast etch rate. 
However, the application of those etchants may contaminate the dielectric (e.g., STI) 
film with foreign atoms, e.g., C, N and F, causing issues in the subsequent integration 
processes and device degradation. 

Therefore, an etch-enhanced gap fill process that avoided the use of etchants 
which tend to contaminate the deposited dielectric film would be desirable. 
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SUMMARY OF THE INVENTION 



The present invention addresses this need by providing chemical vapor 
deposition and biased etch back processes that replace fluorine-based etchants with 
hydrogen. In particular, the invention provides a high density plasma chemical vapor 
5 etch-enhanced gap fill process using hydrogen as an etchant that can effectively fill 
high aspect ratio (typically at least 3:1, for example 6:1, and up to 10:1 or higher), 
narrow width (typically sub 0.1 1 micron, for example 0.1 micron or less) gaps while 
reducing or eliminating dielectric contamination by etchant chemical species. 

Suitable plasma reactors, e.g., Novellus Speed, with inductively coupled 
10 plasma (ICP) sources are available to accomplish both deposition and etch steps of the 
etch-enhanced gap fill process of the present invention in a single plasma reactor 
chamber. The deposition part of the process may involve the use of any suitable high 
density plasma chemical vapor deposition (HDP CVD) chemistry. 

The process results in the formation of a dielectric film free of contamination 
15 by etchant chemical species. 

In one aspect, the invention pertains to a method of filling gaps on a 
semiconductor substrate. The method involves partially filling a gap on a 
semiconductor substrate with dielectric using a high density plasma chemical vapor 
deposition process, partially removing dielectric deposited in the gap from the gap 
20 opening by a biased etch back process conducted with hydrogen as etchant, and 
further filling of the partially filled gap by HDP CVD. 

In another aspect, the invention pertains to a method of etching dielectric on a 
semiconductor substrate. The method involves partially removing dielectric on the 
substrate by a biased etch back process conducted with hydrogen as etchant. 

25 These and other features and advantages of the present invention are described 

below where reference to the drawings is made. 



NOVLP090/NVLS002888 



BRIEF DESCRIPTION OF THE DRAWINGS 



Figs. 1 A-D depict rough schematic cross-sectional diagrams of an etch- 
enhanced gap fill process in accordance with the present invention. 

Fig. 2 depicts a SIMS analysis plot showing C, N and F content in an HDP 
film deposited using an H 2 -etch enhanced gap fill process in accordance with one 
embodiment of the present invention. 

Fig. 3 depicts a plot showing in situ H 2 etch rate vs. applied bias power for an 
H 2 -etch enhanced gap fill process in accordance with one embodiment of the present 
invention. 

Fig. 4 depicts a plot showing in situ H 2 etch amount at two different areas vs. 
etch time for an H 2 -etch enhanced gap fill process in accordance with one 
embodiment of the present invention. 

Fig. 5 A is a vertical cross-sectional block diagram depicting some components 
of a plasma processing system suitable for conducting a dep-etch-dep gap fill process 
in accordance with the present invention. 

Fig. 5B is a horizontal cross-section schematic diagram of the plasma 
processing system of Fig. 5 A. 

Fig. 6 is a process flow diagram depicting a process context of the present 
invention. 
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DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS 



Reference will now be made in detail to specific embodiments of the 
invention. Examples of the specific embodiments are illustrated in the accompanying 
drawings. While the invention will be described in conjunction with these specific 
5 embodiments, it will be understood that it is not intended to limit the invention to such 
specific embodiments. On the contrary, it is intended to cover alternatives, 
modifications, and equivalents as may be included within the spirit and scope of the 
invention as defined by the appended claims. In the following description, numerous 
specific details are set forth in order to provide a thorough understanding of the 
10 present invention. The present invention may be practiced without some or all of 
these specific details. In other instances, well known process operations have not 
been described in detail in order not to unnecessarily obscure the present invention. 

INTRODUCTION 

The present invention relates to chemical vapor deposition and biased etch 
15 back processes that replace fluorine-based etchants with hydrogen. In particular, the 
invention provides a high density plasma chemical vapor etch-enhanced gap fill 
process using hydrogen as the etchant that can effectively fill high aspect ratio 
(typically at least 3:1, for example 6:1, and up to 10:1 or higher), narrow width 
(typically sub 0.1 1 micron, for example 0.1 micron or less) gaps while reducing or 
20 eliminating dielectric contamination by etchant chemical species. 

Suitable plasma reactors, e.g., Novellus Speed, with inductively coupled 
plasma (ICP) sources are available to accomplish both deposition and etch steps of the 
etch-enhanced gap fill process of the present invention in a single plasma reactor 
chamber. The gap fill process of the present invention may also be accomplished in a 
25 plurality of processing chambers. The deposition part of the process may involve the 
use of any suitable high density plasma chemical vapor deposition (HDP CVD) 
chemistry. 

The process results in the formation of a dielectric film free of contamination 
by etchant chemical species. 

30 ETCH-ENHANCED GAP FILL PROCESS 

Figs. 1 A-D depict rough schematic cross-sectional diagrams of a multi-step, 
etch-enhanced gap fill process in accordance with the present invention. Fig. 1 A 
depicts a trench (gap) 100 on a semiconductor substrate 102 requiring filling with a 



NOVLP090/NVLS002888 



5 



dielectric. The gap may be defined by its features, namely its bottom 104, sidewalls 
106 and entry region (top) 108. The gap 100 is generally lined with a barrier layer, 
such as thermal silicon dioxide (Si0 2 ) and (Si3N 4 ) silicon nitride. As such, a thin 
layer (e.g., 10-200 A, for example 100A) of silicon dioxide is formed on the gap 
bottom 104 and sidewalls 106 prior to being filled with bulk dielectric. A pad nitride 
also generally exists at the entry region 108, on the substrate surface surrounding the 
gap 100. 

The present invention, while applicable to the filling of any gap requiring 
dielectric fill, is particularly suited to gap fill of high aspect ratio, narrow width gaps. 
For example, the gap 100 may have a high aspect ratio, for example about 6:1 and a 
narrow width, for example about 1000 A. 

In an initial step in a multi-step gap fill process in accordance with the present 
invention, the gap 100 is partially filled with a dielectric 1 10 deposited by high 
density plasma (HDP) chemical vapor deposition (CVD) process, as shown in Fig. 
IB. The dielectric may be composed of any suitable material including doped (e.g., 
with fluorine, phosphine or phosphine and borine) or un-doped Si0 2 or Si 3 N 4 , PSG 
BPSG or FSG. The present invention may be particularly useful in applications 
where undoped dielectrics (e.g., Si0 2 ) are desirable, for example, in some FLASH 
memory devices. Generally, a high density plasma is any plasma having electron 
density of at least about 1 x 10 12 electrons per cubic centimeter. Typically, though 
not necessarily, high density plasma reactors operate at relatively low pressures, in the 
range of 100 mTorr or lower, and generally below 30 mTorr. 

The deposition process gas will have a particular composition represented by 
flow rates of the constituent gases in units of standard cubic centimeter per minute 
(seem). The process gas will include a precursor for the deposition layer. If the 
dielectric is a silicon-containing dielectric, like silicon dioxide (Si0 2 ), then the 
process gas will include a silicon-bearing compound. Examples of silicon-containing 
dielectric precursors are well known in the art and include SiH4, SiF4, Si2Hg, TEOS 

(tetraethyl orthosilicate), TMCTS (tetramethyl-cyclotetrasiloxane), OMCTS 
(octamethyl-cyclotetrasiloxane), methyl-si lane, dimethyl-silane, 3MS 
(trimethylsilane), 4MS (tetramethylsilane), TMDSO (tetramethyl-disiloxane), 
TMDDSO (tetramethyl-diethoxyl-disiloxane), DMDMS (dimethyl-dimethoxyl-silane) 
and mixtures thereof. Where the purity of the dielectric is an issue, inorganic, non- 
fluorine-containing precursors for Si0 2 , such as SiH4 and Si2Hg, are preferred. 

During deposition, the process decomposes the silicon-containing reactant to form a 



NOVLP090/NVLS002888 



6 



silicon-containing gas and plasma phase species, which can react on the surface of the 
substrate. 

The process gas will also generally include a carrier gas. The carrier gas may 
be an inert gas, such as He, Ar and/or other noble gases. Or the carrier gas may be or 
5 include elemental or molecular hydrogen. 

Oxygen to form the silicon dioxide or other dielectric material may be 
provided by the silicon-containing precursor itself or from another process gas such as 
oxygen (O2), nitric oxide (NO), and/or nitrous oxide (N2O). Again, where the purity 
of the dielectric is an issue, oxygen (O2) is the preferred oxygen source. 

10 Typical flow rate ranges for deposition process gases of the present invention 

are listed below. 



Gas 


Flow Rate (seem) 


SiH4 


10-300 


0 2 


20-1000 


He 


0-500 


H 2 


0-5000 



Generally, other oxygen and silicon-containing compounds can be substituted 
for those listed in this table. Depending upon the atom counts in the precursor gases, 
the flow rate ranges may have to be changed. While there are no precise rules for 
modifying flow rates as a function of molecular structure, generally the flow rate of 
the silicon-containing precursor may be reduced by a factor corresponding to the 
number of silicon atoms in the molecule. So, for example, if the molecule contains 
two silicon atoms, one may expect to reduce the flow rate of the silicon-containing 
precursor to a level of between about 5 and 150 seem. 

Reactor pressure is held at a value necessary to sustain the high-density 
plasma. Preferably the process vessel is maintained at a pressure of at most about 100 
mTorr. In some cases, the process chamber pressure is maintained below 1 mTorr. 
For many applications, however, the pressure is maintained between about 1 and 100 
25 mTorr; most preferably between about 1 and 30 mTorr. 

The temperature within the process vessel should be maintained sufficiently 
high to ensure that the dielectric deposition reaction proceeds efficiently. Hence, the 
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temperature preferably resides at values between about 30 and 1000°C. This 
temperature will vary depending upon the types of precursors employed in the 
reaction. Further, the temperature may be limited by process constraints, such as 
thermal budget limitations that preclude temperatures above 700-750°C. Such 
5 constraints become increasingly common with advanced technologies and 

corresponding smaller feature sizes. For such applications, the process temperature is 
preferably maintained between about 30 and 750°C. In particularly preferred 
embodiments, the substrate temperature is maintained between about 300 and 700°C, 
even more preferably between about 350 and 650°C. 

10 As indicated, to control the substrate temperature, the reactor may supply a 

heat transfer gas between a surface of the substrate and a surface of the substrate 
holder on which the substrate is supported during film deposition. The heat transfer 
gas may include at least one of helium and argon. The back-side helium pressure is 
set by the temperature requirements of the process (a typical range being between 0- 

15 15Torr). 

For some applications, it may be desirable to preheat the wafer to a pre- 
specified relatively low temperature and then gradually raise the temperature. This 
allows for isothermal operation. The goal is to start the deposition and then maintain 
the wafer temperature within a narrow range during the entire deposition process. 

20 The low frequency power applied to the induction coil typically varies from 1 

kW to 20 kW, and the high frequency power (for biasing the wafer) typically varies 
from 0.5 kW to 10 kW depending on the substrate size (e.g., 200 or 300 mm diameter) 
and the requirements of the specific process being used. 

The power source applied to the induction coil and substrate electrode is 
25 typically a radio frequency source. Applying radio frequency bias to the substrate 

involves supporting the substrate on a substrate holder having an electrode supplying 
a radio frequency bias to the substrate. For many embodiments, the radio frequency 
bias applied to the substrate is at the frequency range of between about 100 kHz and 
27 MHz. The power source applied to the induction coil typically has a frequency 
30 range between about 300 kHz and 1 MHz. In a preferred embodiment, the deposition 
process chemistry is as follows: 



Gas 


Flow Rate (seem) 


SiH4 


80 
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He 


200 


H 2 


100 


o 2 


110 



The low frequency coil is powered at 3000W and the high frequency substrate 
electrode is powered at 800W. Further details of suitable HDP CVD deposition 
process gas chemistries are provided below. 

The HDP CVD deposition results in beneficial filling of the trench from the 
5 bottom 104 up. However, there is still some problematic top and sidewall deposition 
resulting in narrowing of the entry region 108 of the gap 100 by the formation of an 
overhang 109 and the formation of a dielectric peak (the so-called "top-hat" feature) 
109 on either side of the gap opening. This results from the non-directional 
deposition reactions of neutral species in the plasma reactor and from 
10 sputtering/redeposition processes. The overhang 109 and top-hat 1 1 1 features 
exacerbate the difficulties of filling the high aspect ratio gap. 

To address these problems, following this initial deposition stage of the 
process, the detrimental overhang 109 is removed and the top-hat 111 substantially 
reduced in an etch back stage of the process to facilitate further void free filling of the 
15 trench in a subsequent deposition stage. In a preferred embodiment, the etch back 
process is carried out in the same reactor chamber as the deposition. 

H 2 as Etchant 

According to the present invention, hydrogen is used as an etching agent to 
replace conventional F-containing etchants in a biased etch back stage of the gap fill 

20 process. H 2 is introduced into the deposition chamber and ionized by source plasma 
power in the chamber. The ionized hydrogen acts as an etchant for deposited 
dielectric film on all exposed surfaces of the substrate 102 on which the gap 100 is 
being filled. In accordance with the present invention, H 2 is the only etchant in the 
etch process chemistry; the etch process chemistry also generally includes a carrier 

25 gas, in particular He, but no other etchant (e.g., F-based etchant) is used. 

In the biased etch back stage, the wafer is biased and exposed to a plasma, for 
example, a radio frequency based inductively coupled plasma, containing H 2 etchant 
chemistry. As shown in Fig. 1C, there is partial removal of deposited dielectric film, 
primarily in the overhang and top-hat areas at the top of the gap, by the biased H 2 
30 etch. This biased H 2 etching leads to efficient removal of unnecessary deposition at 
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and adjacent to the gap opening in order to maintain the gap open enough for a 
complete gap fill in a subsequent HDP CVD deposition stage(s) of the multi-step 
process. 

The chuck may be biased with a power range of about 500 to 7000W. Biasing 
5 the chuck imparts some directionality to the etch plasma towards the wafer on the 
biased chuck. Thus, while the etch process of the present invention has a dominant 
isotropic character, it does favor the biased wafer/chuck. Increase in bias power 
enhances etch rate, but does not significantly alter the isotropic characteristic of H 2 
etch. This is observed by the conservation of bottom-up deposition even with high 

10 bias power H 2 etch processing. This process advantage shows that H+ is small 

enough to cause negligible bombardment/sputtering of the dielectric material that is 
normal to the incoming H+ ions, while efficient in removing the "top-hat" area that is 
about 45-60° to the incoming H+ ions. The biased etch process is referred to herein 
as substantially isotropic. In some preferred embodiments, the chuck is biased with 

15 about 500-5000 W. 

The etch plasma chemistry includes only hydrogen (H 2 ) as an etchant. The 
etch plasma chemistry may consist of H2 alone, or it may include an inert carrier gas, 
which may be He, Ar or N 2 , with He being preferred. 0 2 may optionally be included 
in the etch chemistry, but should only be used to the extent necessary to achieve 
20 plasma stability since its addition enhances the redeposition effect . 

An H 2 /He-based etch chemistry is preferred in one embodiment of the 
invention. Typical process parameter ranges for inductively coupled plasma process 
gases in accordance with the present invention and reactor conditions are listed as 
follows: 

25 



Wafer temp 
(°C) 


250 - 700 


H2 (seem) 


300-2000 


He (seem) 


50-1000 


O2 (seem) 


0-500 


Pressure (mTorr) 


0.2-100 


Bias (HF RF) 
Power (W) 


500-7000 


Source (LF) 
Power (W) 


2000-7000 
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In a specific embodiment, the biased etch process chemistry and reactor 
conditions are as follows: 



Wafer temp 
(°C) 


650 


H2 (seem) 


800 


He (seem) 


300 


O2 (seem) 


0 


Pressure (mTorr) 


7.0 


Bias (HF RF) 
Power (W) 


3000 


Source (LF) 
Power (W) 


4000 



5 

The conditions are preferably set so that the etch is selective for the HDP CVD 
deposited dielectric (e.g., Si0 2 ) relative to the silicon nitride barrier layer lining the 
trench and the hard mask (the pad nitride on the substrate surface surrounding the gap 
opening) so that neither is exposed and clipped by the etch. Adjustment of the 
10 process selectivity is within the skill in the art given the process parameters and 
description provided herein. 

Following the biased etch back stage, an additional HDP CVD deposition is 
performed in order to further fill the gap 100 with dielectric 1 10, as shown in Fig. ID. 
The etch back and deposition steps depicted in Figs. 1C and ID may be repeated, as 
15 necessary, until the gap is filled. For a gap with about a 6: 1 aspect ratio and about a 
1000 A width, three to five, for example four, iterations of the etch back and 
deposition steps are typical to obtain void free filling of the gap. 

Without limiting the invention described and claimed herein, some beneficial 
effects of the use of hydrogen as an etchant in accordance with the present invention 
20 are illustrated with reference to Figs. 2-4. 

The H 2 etchant has the important advantage that there is virtually no 
contamination of the dielectric with C, N and F from etching chemicals in an etch- 
enhanced gap fill process because only H 2 is used as an etchant. Fig. 2 gives the 
secondary ion mass spectroscopy (SIMS) analysis result of an HDP film formed using 
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the biased H 2 etch-enhanced gap fill process noted below showing that there is only 
trace amount of C (30ppm), N (20ppm) and F (lOppm) contained in the film relative 
to the Si0 2 film density of 7E+22 atoms/cc. 

Biased H2-Etch Enhanced deposition conditions for SIMS analysis sample 



Parameter 


Deposition 1 


Etch 


Deposition 2 


Wafer temp (°C) 


550 


650 


650 




o\J 




o\J 


H 2 (seem) 


100 


800 


100 


He (seem) 


200 


300 


200 


O2 (seem) 


110 


0 


110 


Pressure (mTorr) 


2.5 


7.0 


2.5 


Bias (HF RF) 
Power (W) 


1100 


3000 


3100 


Source (LF) 
Power (W) 


3000 


4000 


3000 



In addition, application of bias power to the wafer leads more etching radicals 
to move towards the etched target (wafer) so that etch back is enhanced. As shown in 
Fig. 3, etch rate increases with increase of the bias power. 

Another advantageous characteristic of the biased H 2 etch-enhanced gap fill 
process of the invention is that etch-induced bottom-up deposition loss is minimum. 
This is illustrated in Fig. 4 which depicts etch amount inside and outside of a trench 
vs. etch time. Thus, as previously illustrated in Fig. 1, biased H 2 etch back of 
deposition on the trench top (overhang and top-hat) is much faster than that inside the 
trench. This is desirable to minimize gap fill deposition loss during the etch stage of 
the multi-step process. Secondly, etch amount of deposition on the trench top 
increases with time, while it remains unchanged for the bottom-up gap fill at the 
normalized time > 1 .0. 

Thus, this invention provides an etch-enhanced HDP gap fill (e.g., STI) 
20 process with an in situ high throughput H 2 etch step without C, N and F 
contamination. 
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IMPLEMENTATION: PLASMA PROCESSING REACTOR 

Various plasma reactor designs are suitable for use with this invention. The 
particular design is not critical to this invention. It merely needs to support HDP 
CVD dielectric layer formation and etch back on appropriate substrates. Examples of 
suitable reactors include the Novellus SPEED reactor, available from Novellus 
Systems, Inc. of San Jose, California, and the Ultima reactor, available from Applied 
Materials, Inc. of Santa Clara, California. 

The principal components of most suitable reactors include a reaction 
chamber, a process gas delivery system, a support for the substrate, one or more 
electrodes or radio frequency power source coupled to an induction coil to generate an 
inductively coupled plasma, and a bias source for the substrate. A temperature 
control system is typically used to heat the substrate. Suitable plasma processing 
reactors and described, for example, in US Patent Nos. 5,346,578, 5,405,480 and 
5,605,599, the disclosures of which are incorporated by reference herein in their 
entirety and for all purposes. 

Fig. 5 A is a vertical cross-section block diagram depicting some components 
of a suitable plasma processing reactor suitable for conducting an H 2 etch-enhanced 
gap fill process in accordance with the present invention on semiconductor wafers. 
As shown, the reactor 601 includes a process chamber 603 which encloses other 
components of the reactor and serves to contain the plasma generated by the radio 
frequency power source coupled to the induction coil 605 which surrounds the 
chamber on or embedded in the chamber walls. In one example, the process chamber 
walls are made from aluminum, aluminum oxide, and/or other suitable material. The 
coil 605 is powered by a "low frequency" radio frequency (RF) source 606. The 
power and frequency supplied by source 606 is sufficient to generate high-density 
plasma from the process gas. 

Within the reactor, a wafer pedestal 607 supports a substrate 609. The 
pedestal typically includes a chuck 608 to hold the substrate in place during the 
deposition reaction. The chuck may be an electrostatic chuck, a mechanical chuck or 
various other types of chuck as are available for use in the industry and/or research. 

A heat transfer subsystem including a line 61 1 for supplying a heat transfer 
gas controls the temperature of substrate 609. In some embodiments, the heat transfer 
fluid comprises at least one of helium and argon gas. The heat transfer fluid is 
supplied to a space 613 between the surface of the substrate and a surface of the 
chuck. 
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A "high frequency" RF source 615 serves to electrically bias substrate 609 and 
draw charged precursor species onto the substrate for the deposition or etch reactions. 
Electrical energy from source 615 is coupled to substrate 609 via an electrode or 
capacitive coupling, for example. Note that the bias applied to the substrate need not 
5 be an RF bias. Other frequencies and DC bias may be used as well. In a specific 

embodiment, source 615 supplies a radio frequency bias to the substrate with a power 
ranges from 0.5kW to lOkW. 

The process gases are introduced via one or more chamber inlets 617. The 
gases may be premixed or not. A source of hydrogen gas provides hydrogen for the 
deposition and etch process gas. Other sources of dielectric precursor gases and 
carrier gases are also provided. Preferably, the process gas is introduced through a 
gas supply inlet mechanism including orifices. The gas or gas mixture may be 
introduced from a primary gas ring, which may or may not direct the gas toward the 
substrate surface. In this embodiment, a ring inlet(s) 618 is connected to the primary 
gas ring 619 to supply gas or gas mixture into the chamber via the chamber inlets 617. 
This arrangement is further illustrated in the horizontal cross-section of Fig. 5B which 
depicts a ring inlet and eight chamber inlets for process gas. Note that inlets, gas 
rings or other mechanisms for supplying process gas to the reactor process chamber 
are not critical to this invention. The sonic front caused by the gas entering the 
chamber will itself cause the gas to rapidly disperse in all directions - including 
toward the substrate. 

The process gas exits the chamber 603 via an outlet or outlets 620. A vacuum 
pump (e.g., a turbomolecular pump) or pumps 622 typically draws the gas out and 
maintains a suitably low pressure within the reactor. 

25 As noted above, the gap fill process of the present invention is preferably 

accomplished in a single reactor process chamber, but it may also be accomplished in 
a plurality of processing chambers. When more than one processing chamber is used, 
a pressure controlled transfer module should be used to transfer the wafers from one 
chamber to another. Such transfer modules and procedures are known to those of 

30 skill in the art. 

PROCESS PARAMETERS 

Fig. 6 is a process flow diagram (700) depicting a process context of the 
present invention. Reference is made to the system depicted in Fig. 5A throughout 
the description of this process flow as a sample context for implementation of the 
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invention. A substrate requiring gap filling, such as a semiconductor wafer, is 
situated in an HDP CVD reactor (701). 

A deposition process begins with an electrical subsystem applying electrical 
energy of appropriate power and frequency to one or more electrodes of a process 
5 chamber of the reactor. The power and frequency are chosen to generate a high 
density plasma in the chamber, given the process gas concentration, pressure, and 
other process parameters. Providing the substrate to the reactor may involve 
clamping the substrate to a pedestal or other support in the chamber. For this purpose, 
an electrostatic or mechanical chuck may be employed. 

10 After the wafer is appropriately situated in the chamber, a gap on the substrate 

is partially filled by HDP CVD deposition of dielectric (703). The process adjusts the 
substrate temperature to a level promoting the deposition of the dielectric layer. 
Typically, this temperature is between about 30 - 1000°C (more preferably about 300 
to 680°C, for example 450-550°C). The temperature control mechanism may 

15 gradually raise the temperature during deposition or it may preheat the wafer to first 
drive out certain interfering species. During deposition, the temperature may be 
maintained by supplying a heat transfer gas between a back surface of the substrate 
and a surface of the substrate holder on which the substrate is supported during the 
film growth operation. 

20 The reactor system introduces a process gas to the reaction chamber via an 

inlet. The process gas includes dielectric precursor species such as high vapor 
pressure silicon-containing compounds. Molecular oxygen or another oxygenated 
compound will often be present. A carrier gas is also generally present. The carrier 
gas may be an inert carrier gas such as helium. However, in high aspect ratio gap fill 

25 applications the carrier gas preferably is or includes molecular or elemental hydrogen 
which inhibits precursor dissociation and promotes bottom-up gap fill. All the 
process gas components are introduced at specified flow rates. 

An electrical subsystem applies a bias to the substrate, to thereby direct 
charged precursor species from the plasma onto the substrate and grow a dielectric 
30 film. Note that the substrate itself serves as an electrode here. Its bias accelerates 
charged species to it. Typically, the substrate electrode is powered by a high 
frequency RF bias and the induction coil is powered by a lower frequency RF source. 

Dielectric is deposited in the gap or gaps on the substrate to a desired 
thickness, generally at the point where the overhang that forms at the gap entry point 
35 prevents further effective filling of the gap (703). 
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After finishing the deposition step, the flow of deposition chemistry is turned 
off and the hydrogen (H 2 ) etchant chemistry is introduced to the reaction chamber via 
an inlet. The H 2 etchant gas should dissociate at a controlled rate consistent with 
isotropic etching. An H 2 /He (carrier)-based etch chemistry is typically used. 
Molecular oxygen may also be present in the etchant chemistry, but should be 
minimized. All the process gas components are introduced at specified flow rates 
within the parameters noted above. In a specific embodiment, the isotropic etch is 
conducted using an inductively coupled plasma source in the reactor. The RF bias 
power applied to the substrate in the reactor is adjusted to between about 500 and 
5000W, for example 3000W. It should be noted that the inductively coupled plasma 
(ICP) etch may alternatively be accomplished by a downstream microwave plasma 
etch. The etch back process preferentially removes dielectric overhang and top-hat 
features at the gap opening thereby decreasing the gap's aspect ratio and facilitating 
further filling in subsequent deposition processing. 

Following the etch, etch process chemistry flows are turned off and further 
deposition process for filling the remaining gap is performed (707) by introducing the 
deposition process gases into the reactor. The etch back and deposition process (701- 
707) is then repeated until the gap is filled. For a gap with about a 6: 1 aspect ratio 
and about a 1000 A width, three to five, for example four, iterations of the etch back 
and deposition steps are typical to obtain void free filling of the gap. 

SUBSTRATES AND DIELECTRIC MATERIALS 

The above-described processes and apparatuses may deposit dielectric on any 
type of substrate that requires thin dielectric layers. Often, the substrate will be a 
semiconductor wafer having gaps in need of dielectric filling. The invention is not, 
however, limited to such applications. It may be employed in a myriad of other 
fabrication processes such as for fabricating flat panel displays. 

As indicated above, this invention finds particular value in integrated circuit 
fabrication. The gap filling processes are performed on partially fabricated integrated 
circuits employing semiconductor substrates. In specific examples, the gap filling 
processes of this invention are employed to form shallow trench isolation (STI), pre- 
metal dielectric (PMD), inter-metal layer dielectric (ILD) layers, passivation layers, 
etc. 

As indicated, the invention can effectively fill gaps having widths of 0.15 
microns or less, for example 0.1 micron or less, and aspect ratios of 3:1 or greater, for 
example 5:1, 6:1, or even 10:1 or greater. More aggressive structures having, e.g., 
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greater aspect ratios and smaller widths may also be used. In one example the gap 
width is 0.15 micrometers or less, e.g., between 0.1 1 micrometer and 0.08 
micrometer. 

The dielectrics employed to fill those gaps will often be a silicon oxide such as 
5 silicon dioxide, silicon oxynitride, silicon oxyfluoride, and doped variants of each of 
these. Therefore, the scope of the invention includes at least phosphorus-doped, 
boron/phosphorus-doped oxides and fluorine/phosphorus-doped oxides. As indicated, 
the dielectric may also be a phosphorus- and boron-doped silicon oxide glass (BPSG). 

ALTERNATIVE EMBODIMENTS 

10 While the invention is primarily described herein with reference to an etch- 

enhanced multi-step gap fill process, it should be understood that the biased H 2 etch 
may also be conducted independent of the other steps of the gap fill process. For 
example, the biased H 2 etch may be applied to etch a silicon-based dielectric in any 
appropriate context. 

15 CONCLUSION 

While this invention has been described in terms of a few preferred 
embodiments, it should not be limited to the specifics presented above. Many 
variations on the above-described preferred embodiments, may be employed. 
Therefore, the invention should be broadly interpreted with reference to the following 
20 claims. 



what is claimed is: 
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